ABSTRACT
The saturation causes a reduction in the effective gain, or bandwidth of the feedback loop, which can be modeled as an increase in singular perturbation in the loop. In order to maintain stability, the bandwidth of the nominal (reduced-order) system will be reduced proportionally according to the singular perturbation theory. The presented DFTC technique automatically handles momentary saturations and integrator windup caused by excessive disturbances, guidance command or dispersions under normal vehicle conditions.
INTRODUCTION
Typical fault tolerant control techniques include integration supervisor, failure detection and identification, followed by control reconfiguration. The paper [ 11 demonstrates an innovative fault-tolerant approach that captures the knowledge of functional decomposition, failure modes and effects analysis and configuration management in a dynamic prototyping process. Extensive research has been done in fault detection and identification. In the paper [2] a stable scheme for bias estimation in the case of attitude tracking is presented. The scheme is based on the design of nonlinear observers for unknown bias identification and state estimation. The properties of the proposed scheme are evaluated through simulations using a generic spacecraft model [2] .
A technique for the design of flight control systems that can accommodate a set of actuator failures is presented in the paper [3] . An actuator failure is defined as a change in the parametric model of the actuator that can adversely affect actuator performance. The technique is based on the formulation of a fixed feedback topology that ensures at least . The goal is to detect effector failure using on-line parameter identification, adapt the innerloop control system via a prescribed gain schedule to recover some maneuvering capability, and employ on-line trajectory generation if necessary. This approach is presented via a case study involving the X-34 R.LV. The on-line trajectory generation scheme builds upon the authors' prior work on off-line trajectory design. Control reconfiguration features must be included into the guidance and control systein design for the 2"d generation RLV to accommodate actuator failures. It is noted that current fault tolerant control techniques rely on some fault identification procedure, which in general require large computational resource while providing limited fault recognition capabilities. The separate control reconfiguration procedures will introduce additional delay in responding to faults, which may reduce survivability.
In this paper, we propose a direct fault tolerant control (DFTC) algorithm that does not depend on explicit fault identification. Control effector failures will be inferred from degradation of control authority as indicated by control command saturation, and controller gain will be adjusted based on the singular perturbation principle to ensure stability in the presence of failure. This approach requires minimal computational resources whil'e promising fast response to undetected failures as well as large dispersions. From this point of view, a stuck aero-surface is equivalent to a constant wind gust with control saturation, and a degraded aero-surface or RCS effector is equivalent to a fully functional effector subject to a disturbance torque. The controller cannot tell nor does it care whether control command saturation is due to wind gust or a stuck effector, because it only computes the required torque, based on the vehicle's mass property and the bandwidth (in a loose sense for nonlinear systems) of the feedback loop, to eliminate the tracking error. A truly adaptive controller should be able to do this even if the vehicle has lost significant control authority due to control effector failure. It is up to the combination of the control allocation and the control effectors to realize the required torque.
The loss of control authority will eventually result in an increase in the tracking error, which will in turn cause the proportional and integral (PI) controller to produce excessive control command, such as the torque command to the control allocation unit or the body rate command to the body rate inner loop. Thus, controller adaptation can be triggered when the control command exceeds a threshold that can be easily determined in real time. This is the philosophy of the direct fault tolerant control, as no explicit fault identification is used for the adaptation. Of course, any knowledge of the specific failure will be valuable for accurately determining the threshold of available control authority that triggers the adaptation, for the reconfiguration of the control allocation law, and for abort decisions.
Thus, as long as the vehicle mass property is not altered significantly in an unknown fashion due to the failures, which is highly unlikely, the only change to the attitude control algorithm is to account for the bandwidth change due to momentary or permanent control command saturation. This can be formulated as a singular perturbation problem as follows.
Consider the singularly perturbed, closed-loop nonlinear tracking error dynamics modeled by
where sat(.) is the saturation function, x is the tracking error state variable of the "nominal" system, z is the state variable of the singular perturbation which may be an inner loop, or the dynamics of the control actuators or effectors, and MI is the state variable of a linear dynamic feedback controller for the nominal system. For instance, F ( t ) = 0 , G(t) = I , M ( t ) = K , ( t ) , and N ( t ) = K,,(t) represent a PI controller where w is the error integral, and the time varying integral gain K , ( t ) is applied at the output of the integrator. Note that for time varying gains, this is different from the case where the integral gain K , ( t ) is applied at the input of the Neglecting the flexible modes, the closed-loop vehicle dynamic behavior is governed by the rigid body equations of motion under applied forces and moments that are determined the (nonlinear) loop bandwidth in the sense of signal attenuation and time lag in propagating through the loop.
integrator, for which M ( r ) = 1 and G(t) = K , ( t ) . A block diagram of this system is given in Figure   We that by design the null equilibriums = the by the properties and and = 0 for the boundary layer equation
are exponentially stable. The parameter E > 0 is a sufficiently small constant whereby 1 / E represents the separation of time scale of the fast dynamics y ( t ) and the slow dynamics x(t) .
By a well-known result in the singular perturbation theory [6], there exists an E* > 0 such that E < E* ensures the exponential stability of the overall system. The parameter E can be approximated by the ratio between the outer loop (input, state and time dependent) bandwidth w , , ,~~~~~~ and the inner loop bandwidth w , , ,~~, , ,~~ as @n,oiiter @,,,inner
&=-
The saturation function can be approximated by a linear function with a variable gain K,,(a) dependent on some indicator a for the "depth of saturation" as follows
where K,, -+ 0 as the saturation deepens. With this approximation, the singular perturbation equation for z can be approximated by
Eeff ( a ) i = A(t)z + B(t)u
where the effective time scale separation parameter ceff(u) is given by Thus, as saturation deepens, the ,teff ( U ) will continue to grow until the required time scale separation for the overall stability is violated. On the other hand, if the outer loop bandwidth can be reduced in real time by a factor of Keff ( a ) , the overall stability will be maintained, albeit that the tracking performance will be sacrificed. Note that this degraded tracking performance amounts to a reduction in control authority for the next outer loop, such as the guidance loop. Thus, the same principle can be used to scale back the guidance loop bandwidth until it is determined that the crippled vehicle can no longer accomplish the original mission goal or maintain safe flight. At that time, an abort decision can be made. In order to adjust the bandwidth, a meaningful metric of the "depth of saturation" needs to be defined. An instantaneous metric a(t) can be defined as the ratio of the commanded control versus the available control, such as the commanded torque and the available torque as determined by the control allocation unit, or the commanded aero-surface deflection angle versus the (nominal) limit of the aero-surface deflection angle. However, such instantaneous metric does not take into account of the "duty cycle" of the saturation over a period. A classical approach to this problem is the describing function for periodic saturations. For aperiodic saturations, we propose to use: the integration of a nonlinear function ~( a ( t ) ) over a specified moving time interval where K ( . ) is an appropriate Class-K function such that
A convenient choice for such a K ( . ) is ~( a ) = ur for some r > l .
TIME-VARYING BANDWIDTH DFTC
The proposed fault tolerant attitude controller can be implemented using the time-varying PD-eigenvalue assignment stabilization technique used in the trajectory linearization controller (TLC) With the goal of explicit1.y characterizing the effect that torque saturation has on effective gain and deriving a heuristic gain adaptation policy, we begin with simple proportional inner and outer loop control laws given by where K, , , and are scalar gain parameters and y, (t) represents commanded Euler angles generated by the guidance law. Here, following the singular perturbation philosophy, the idea is to design a "fast" inner loop with respect the outer loop dynamics so that if o(t) = w , ( t ) , the outer loop control law achieves approximate dynamic inversion with linear outer loop dynamics whose bandwidth is determined by the gain parameter K,,),,,,. . This assumption then requires that be sufficiently small.
The difficulty one encounters when implementing this control strategy is that it may not be possible to achieve the commanded torque demanded by the inner loop control law. To explore this issue further, we assume that corresponding to an attainable moment set S , the control allocation strategy is such that the achieved torque is in the same direction as the commanded torque. That is, where in such a way that the achieved torque equals the commanded torque if the latter lies within the attainable moment set and the achieved torque lies on the boundary of the attainable moment set in the direction of the commanded torque otherwise.
The inner loop with torque saturation can be analyzed using the Lyapunov function Since h is always orthogonal to the cross product term w x h , the derivative of K,,,,,.(h) along inner loop trajectories is where h, = J ( t ) w, . The similarity between this result and that corresponding to a first-order linear system suggests that an effective measure of inner loop gain (bandwidth) is the original gain parameter K,,,, scaled by the saturation factor a(rc). Scaling the outer loop gain parameter K,,,,,, by the same factor would maintain the required value of E , however the modified control laws may not be well-posed since an algebraic loop is introduced.
This problem can be circumvented by filtering the saturation factor which leads to the control law K",,,,, R-'(y(o) 
in which o,(f) is the filtered scale factor and K , is a filter parameter.
Nonlinear simulations were conducted using guidance command and time-varying inertia profiles representing a reusable launch vehicle during ascent. Gain parameters were selected as K,,,,,e, = 1 and K,,,,, = 5 . This value of K ,,,,, yields reasonable tracking performance in the ideal case of an instantaneous inner loop without saturation, as depicted in Fig. 2. The value of K,,,,, , yields a sufficiently fast inner loop without torque saturation since the resulting outer loop attitude tracking performance, depicted in Fig. 3 , is nearly identical to the ideal case. Based on the corresponding commanded/achieved torque response in Fig. 4 , saturation limits of 5000 N-m were subsequently imposed independently in each body axis channel, for which the associated attainable moment set is a three-dimensional hypercube. The effect of saturation without gain adaptation is evident from the attitude tracking response shown in Fig. 5 and the achieved torque response shown in Fig 6 . The modified control law using the filtered scale factor yields the attitude tracking response shown in Fig. 7 and the achieved torque response shown in Fig. 8 . Here we see that tracking performance suffers somewhat during the initial portion of the ascent in which the torques required to closely track the attitude command greatly exceed the imposed limits (recall Fig. 4 ) and the outer loop gain is significantly reduced based on the gain adaptation policy described above. However, once the commanded torques recede to within limits, the outer loop gain is restored to its nominal value and nominal tracking performance is recovered.
V. SUMMARY AND CONCLUSIONS
In this paper a direct fault tolerant control (DFTC) technique is presented which exhibits good performance without using any explicit fault identification. A simplistic example has been given to demonstrate the idea, and the technique will be applied to an attitude controller (autopilot) for a reusable launch vehicle (RLV). In addition to further development of the technique presented here, future work will include other bandwidth cutback logic, such as one that favors a preferred direction when the commanded direction cannot be achieved.
